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The evolution of a linear servoactuator design is presented. Beg
requirernents that pushed the envelope of known meghanism flight duration, the
Cassint-prgjoct s.ougt:&;?t}@ f reliabfe linear actuator for pos;_;_uonlnggﬁ;rqdundani {‘Q(CKOF .
engingsy, Gi)é@’gé"fr Y j,;:"c}%uwh}o_rcial‘o_ﬂftho shelf (COTS) hardwareo in-house designg ™
were PURHAY, A devicd inherited from JPL's Mariner and Viking Mars missions was
selected fof its close maich /toiiygpkc}éorwe;l /r{pciui;enmnts gh)(‘f its flight pedigree.’ Soveéral
design improvements were necessary 1o ehstire life and reliability goals would be met.
These improvements and, in particular, efforts to develop neyw component sources ar
discussed. Special attention was fodtsed ‘oh' feliability tosti%

of the motor and
mechanism,at all stages of procurement and assembly because a brush type DC motor
was retained in the new dosign,\ E
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Background

The Cassini-Huygens mission to Saturn is a joint effort between NASA and the
furopean Space Agency. i1he spacecraft is ade-scoped version of CRAF/Cassini,
which would have also flowna separate cometrendezvous mission.

Cassiniuses a redundant pair ofsrocket engino thrusters supplied by the Kaiser-
Marquard! company. W-heﬂwo@OO\N}rl'npsler/s are mounted in aRockett ngine
Assembly (REA). 1 he RE A provides , hrusf Vector-©emrot for: Thef conlretg u o
In-course trajeclory adjustments = ¢
e The Saturn Orbit Insertion maneuver
e Saturn orbit trajectory control

1 heRE A comprises redundanttwo-axis gimbal subsystems. tachgimbal subsystem
includes fuel lines, filters, bearings, structure, and two Engine Gimbal Actuators

(f GAs). TheltGAs are furnished by JP’Lto 1 ockheed-Martin in Denver, Co. who )
designed and builtthe RE A’ (F igure.) and the larger Propulsion Module Subsyslon’<’f
into which the RRE A fits. kO |

JPlhad to choose between cither procuring ¢ completet GA ¢ building the ass embly
with purchased components. 1 he E ngine Gimbal [?Ioctronics;,\‘f(’)'r‘ “control(n~-the t GAs,
was-designed and built &l JRL because We had' access to large selections of screened
andrad-hard electronic parts) f,f Y
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T wo salient considerations drove our decision process: short schedule and uncertainty

of requirements! Our schedule was critical b(‘CdUQE,LélS noted dbOVO(\WG Hhd to deliver
tested and proven actuatorsto JPl's subcontractor in time for. it to perform the
necessary qubsy%temﬁlovcl tests.

\4~‘i o S
We pre areda Request for Propoml(ﬂf P) while requirements were still fluid. ‘1 his
process took muchlonqerthan anticipated because we were N0t converging on a firm
set Of roqux_ vat should constitute & good specn‘lcatlc_)n Fund mental issues

deSIQn the dnnor Mars/V|k|ng ()rblto (MMVO) actuqt()r WhICh successfully flew on
three spacecraft destined for Mars, promised to satisfy all the design constraints. 1 he
following narrative is interspersed withlessons learntd as we proceeded with our
decisions and design process.

&

When first published in 1971, the MMVOQO linear dducxtor design was novel enough to
carnUnited States Patent” No. 3,660,704 ({ | iGurey. 1he patent was granted on the
basis of improved reliability, responsivoneqs “and”lower weight compared to existing
technology. These characteristics were partly achievedby using a DG brush motor
whose rotor is mounted directly on the nut of a ball screw, instead of driving through a
conventional geartrain. features which accrued to this design because of the direct
drive approach include a single duplex pair bearing and dust seals between mechanism
and motor brush dust. In addition to the drive mechanism, the device’s output position
was accurately sensed by a coaxial 1 VD)YTemboedded within the; ball screw.

Setting the Course/
Mariner actuator and US patent

Requirements Comparison

Table 1 summarizes our undoreldnqu of the Lxlom to _Wthh tho inherited actuators
would have to be ei Figur ] hée MMVO
actuator would 100, N

N




Table 1

Initial Design Requirements for Actuator Development

Mission DU
Longest Bu

Length of S

Maximumn rust Forc
FuIIStrc;kc Actuations
Small Motion Actuations

Radiation E nvironment

1.5 year mission

3,000 actuations of 0.02” tindér 4 301t loa 27 X

0.75 hour..

1 ifetime-redated issues were obviously the most challenging to reconcile with the new
Cassini mission. While there was a significant disparily between requirements, the

actual life test results from the MMVO development were very encouraging. Also, there

were no failures or anomalies reported in the earlier missions. As our investigation 0f

the MMVO actuator progressed, however,

other problems which had occurred in life
testing surfaced. One way that these problems came to light was that we disassembled
and inspected a MMVO actuator. | or example, we found{

I )

¢ 1 he Kynar® shrink sleeve, which wraps the four wire leads of the service
loop to the LVD)T coil assembly, had become almost glass-hard

e« 1 here was a significant amount of brush wear debris present (we could not
find a record of how much the actuator had been used)

e The L VD1 ferrite probe displayed an alarming degree of wear

« High resistance and high starting voltage on one of the stored units

¢ 1 he motor rotor had been epoxied to the ballscrew

'S nut because the small

pin used for transmitting torque proved to loosen in operation,

Solutions to these problems are discussed below in the section on design upgrades.




We reasoned that it would be difficult to manage a development contract when
requirements were still volatile, and there would be significant risk of design changes,
so JPt committed 1o making the actuator assembly in-house.

|[Lesson 2: make commitmonts as early as possible. " |

length,
through “business as U;
that our pedigreed devit

Whal Spare Pants? o0 07 |«

The first difficulty 1o slow progréss was the availability of components tor the inherited
design. Although some spares had been stocked for the earlier missions, these eithier
turned out tobe substandard components or werg undersized for the higher projected
loads. Other parts simply had to be procured again. This was true for all major
components including motors, LVDT1s, bearings, and ball screws.

Design Upgrade, Fabrication, and Test

Pressurized design o ,
A feature of the actuator that we perceived to beimportant was its internal pressurized
inert gas. Qur actuators group had used this design feature to help ensure a favorable
operating environment in previous hardware. Nitrogen gas atb psig and a trace
amount of Helium for leak measure ment was used. 1 hese gases were contained with
static and dynamic O-ring seals, effectively excluding particulate contamination.
Moreover, the seals mitigated concern of lubricant egress, Theuse of inert gasalso
promised to minimize motor brush wear for the life of the mission.

‘1 he MMVQO actuators had been in storage for more than 17 years when we considered
them for duty on Cassini.

We debated a long time about the need for internal pressure. On the onehand, our
rosearchindicated that even a fraction of a7 orr (inore than ~1x107 Torr) of inert gas
was adequate to improve brush life, no matter what mat ial combinations were
sele~ted. On the other hand, the tweh ¢ year mission piesented us with the reality that
inte nal pressure would certainly leak down to very low levels. This raised a concern
that arcing due to the phenomenon of coronadischarge could occur at an intermediate
point in the mission’s cruise phase. Further research indicated that, in a mix of gasses

much like our actuator's, this phenomenon was most likely to occur al a pressure of . V\
about 0.17 orr (Figure ). 70 estimate end-of-life pressure conditions, we performed an,
analysis with three different assumptions: Worst-case leak, nominal leak rate as \\\ ,



measured from the MMVO actuators, and the bestlecakrate that we dared to hope.
Ordinary (1-rings were assumed in the analysis; other, more positive seals would have
required too much mass or volume.

Tho result of our analysis indicated that there was no realistic hope of maintaining
pressures above the corona discharge level. 1 his presented us with a choice: should
we abandon the pressurized mechanismand invest all our hopes in achieving a full 12
year mission life’ with purely vacuum operation, or should we attempt a mixed approach
of both pressun?ed and vacuum operation? Persuasive arguments Oh both sides of the
issue did notlead to a tlear choice. Inthe end; the flight heritage 6f the MMVO
actuators gave us the justification 1o em brace the mi xed approach, If it failed, we could
fall back 6n purely vacuum operation.

Performance over temperature

As we progressed in modeling the new design, it became apparent that the MMVQ
actuators were not required to meet their pcrfornl’ante specifications  at temperature
extremes. Cassini required more uniform performance over temperature, however, so
this drove the following design considerations:

. Lubricant viscosity (use a high viscosity index lubricant, or a dry film) .

. Bearing friction (minimize preload and preload change with temperature) (%, -
. Motor parameters such as resistance and torque constant

Search for a Motor

1 he original motors were designed and produced at a local Contractor. The original
design was thought to be adequate, but there were two reasons why identical motors
could not be manufactured: first, there were no extant prints in sufficient detail
(perhaps there never were any!). Second, the Contractor was not interested in
performing the follow-on work.

[ venif the original Contractor agreedto produce more motors, WC! could nOt duplicate
the materials anti manufacturing processes of the original. Because any claim of
heritage relies heavily on the ability to duplicate these factors, it would have been risky
to proceed with the original vendor. Moreover, the requirement for minimum stray
magnetic fieldwas considered tobe very firm, anti the Centractor had no ¢ xperience in
designing for extremelylow emitted fielos. It was necess ary to seek a nev. motor
vendor anti motor design.

One compelling feature of the MMVO EGA was its brush motor. Its simplicity compared
tO ad beQhIQS desi dnraC“VO T
envnronment co




reliability problem. ‘1 he t ngine Gimbal tlectronics (E GE) design was also fairly mature
at this point, so changes to it were not welcome. Designing for adequate reliability in
commutation electronics would have required allocations of power, volume, and e ffori
thatwere in short supply.  Finally, the available volume for the actuator constrained the
outside diameter of the motor, With a smaller volume available for magnets on its
rotating member, this means thatabrushiess motor cannot achieve the same flux
density from its magnets as brush motor, and therefore would nQt be able to reach
performange levols that Cassini required.

A Request for Information yielded several interestod vendors. We specified that the
vendors should presend their experience in brush motor technology with special
attention 10 vacuum applications,

At the same time, We began preparing a controlling specification orthe procurement.
Our search for literature to guide us in the specifics of brush motor designled to a
document’ by the Fairchild Space Gompany. 1 his guide gave us valuable insight into
design features that need special attention. The following list quickly summarizes most
of the significant design features that we controlled in our specification:

. Brush design parameters such as material, geometry, spring design, and
contact pressure.

. Configuration design to accommodate brush debris without short  circuiting,

.10 survive the hightemperatures in the vicinity of the thrusters, commutators
should be designed for even higher local temperatures anti winding
terminations should be welded to the commutator bars.

. The motor's rotor was locked to the shaft with two close-fitting keys so that it
remained snug over many torque reversals.

We selected American Flectronics Inc. (AE 1) to produce our motors.

‘I he Batlle of the Brush

With the help of the reference from fairchild, further literature search, discussions with
brush vendors, pecer reviews at JP°l, and materials specialists’ consultations, we
elaborated on the above requirements in the specification. The o bjective was to reduce
delays due to anticipatedfailure to a minimum. We learned that there was indeed a
targe content of “art”inthe successful design and execution of a brush DC motor for
vacuum applications. Most of this centered on brush-related design nuances.

Seve al details were shecified to enhance the reliability oithe motor. Cartidge-type
brush holders were chosen over cantilever type. Corners of each brush holder were
relieved to preclude binding inthe presence of debris, and they were machined out of
Vespel ® {o ensure stability over temperature. Average brush contact pressure and
Spring parameters were listed. We chose to use undercut comm utator segments,
altho ugh a substantialamount of evidence sugg ested that no undercut was necessary.



1 he most important provision in our contract with the motor vendor was that an
(engineering unit must be built and tested as soon as possible. Our specification’s 1est
plan anticipated up to two failures in selecting an acceptable brush material; we
required the vendor to identify at least two substitute brush materials and to present
those at Critical Design Review for JPL's approval. Furthormore these substitutes

”'rth'c_a iestaus intonded o accomplish (ObICElveS) -
ntmgencynqmm@ures to take in case of fculure (smllcips’xted
__goutconiesy)

s oyt

‘I able ? is extracted from the motor specification test section. It delineates all of the
environments and operating conditions required for the engineering motor life testing.
1 he life test was performed in thermal/vac~lurn conditions, with a constant torque load

of 50% of stall, 28 Vdc excitation, and an inertial load of 144 g cm?

¢y

-lable?
Sequence | Temp, Atmosphere oscillating Motion Continuous Rotation
°C45 4 1 radian 500/0 CW, 50% CCW
°C
"m'f‘”' + 20 rxlzinwospr1ere T 945%00 Lrédmns 392,670 rédians o
| Nitrogem
4+ 115 | 0 9011 orr # 20% 141,375 radians
3 + 115 _O,SC_) Torr 4 20% 43,375 radians
4 4+ 115 <1bt-5Tor 141,375 radians
5 | 4114115 <1k8t-5Tor 43,375 radians
6 6 -25-7% 0.90019:®r o9 20% 141,375 radians i
/7] -25-2% 0.900l904:0T7 ¥ 20% 43,375 radians
8a -25c | << BE-Bldrre 141,3-/5 radians _
9 9| -25-76  <1l1i-5lom 43,375 radians.

A Cleanecr Motor

T wo other concerns drove the motor's design: Performance and stray magnetic fields.

These are coupled to some extent. The required torque-speed curve is shown in




Figure . ‘1 he original motor had acceptable performance, but exceeded the static
magnetic field requirement of the Cassinimission by alarge margin. We measured the
unpowered, stray field of the overall MMVOtGA and found it to exceed 26 n

‘1 he MMVO motor employs Alnico magnets to generate its stator filed. We chose to
use Samarium-Cobalt magnets for their higher energy product which, in turn, requires
less volume 10 achieve the necessary flux density within the motor. We found that the
MMVO motors were designed with the magnets in an orientation that exacerbated the
of fensive stray flux. The new motors used a different orientation whose magnetic
circuit traps more of the flux within the steel stator ring (ffigure ). Some of the flight
actuators did not achieve the goal of 5nlat 1 meter, but allreached very low levels
from 11% 10 25% of tho MMVQ values. The accomplishment is highlighted because it
conflicts with a difficult mass constraint. More steelin the magnetring would have
improved our results even further.

Reconfigure for easier assembly and testing

‘L henew t GA configuration is designed for ease 0f assembly and testing. It is built up
from three modules, each with special tooling intendedto shortenthe calendar time
required for many serial procedures in the MMVO actuator's single elaborate! assembly.
‘1 helarger ballscrew permitted the 1 VD'1's orientation to be reversed, thus opening up
severalopportunities for reliability-enhancing improvements. 1 he tooling dedicated to
each subzssembly made it casy to catch assembly and fit-up errors early, without
puzzling over what part of a fully assembled actuator is responsible! for unexpected
problems.

Lesson 4:invest early in planning the assembly anti test
sequence. Attempt to isolale mechanism subassemblies at a
reasonably simple level, where their fits and performance can
be checked against expectations. 1 his approach is often
perceived as anunnecossary extravagance and omitted from
small lot production runs. Not only will problems be identified at
an early stage, but the consequences of not meeting a
published specification for the full assembly can beavoided.

Bearings and Ballscrew

1 he original ball bearings were no longer available. 1 he original manufacturer was not
interested in makingnew bearings 10 an old part nuimber for our small quantity. We
prepared a new specification for competitive quote, with particular attention paid o
BSOS DBOLI>.

The MPB bearing company responded favorably to our request. We elected to buy a
commercial "extremely light” standard section made out of 440C stain less steel. This
resulted in a healthy margin of load capacity asthe bearing’s thrust rating was more
than twice that of MMVOQO's original bearings. Next, we substituted a larger 20 mm




outside diameter ballscrew to replace the older 1 6 mm diameter component. As with
the larger ball bearings, this changeincreased mass.

Although not necessarily required for load capacity, the extramass paid important
dividends. These choices promised the shortest possible lead times and least
likelihood of errors in manufacturing. Several vendors could more easily quote to
industry-standard size bearings and ballscrews. Moreover, our older ballscr(‘ws
displayed a large variation in: d

that this c¢hange promlsed to ylold a more umform componem The net effecl of these \
decisions wae to minimize s : : v :

}sauf'Nut VDT
' ({fixed 1o shafl)

Square
spline

/
LVI)T Probe
(fixed to housing)

Use a Real L ubricant

One important lessons the JPL has learned from its experience with the Voyager
Spacecralt is that the lubricating fluidused in some of its mechanisms was not a real
lubricant at all. Versilube (2-300 silcone grease and f-50 fluid were employed then.
When they first became commercially available, silicone fluids held tremendous
attraction because of theirlow vapor pressure and high viscosity index-- -stable viscosity
withtemperature variation. Problems with the scan platform machanisms led te
rescarch that showed silicene fluids are non Newtonian. Worse yet, the hygroscopic
fluid turned into a gritty paste of microscopic crystals under high shear conditions in the
presence of water.

In keeping with the conservative project guidelines, we selectedBray 600 grease/8157
oil to replace the old lubricant. Special provisions were designed-in to ensure! a




lubricant reservoir for the ballscrew slider and ballnut. ‘lo minimize friction, the ball
bearings were loaded with relatively little grease, but ey are sealed on both sides with
contacting lip seals.

Use a tlexure, Reverse the LVDT
One of the most disturbing findings when we disass('mbledthoMMVQ actuators was

rrance build-up

e probe on a 1.52
(O 06 inch)diamewr flexure rod. lhisforccd us to use careful handling methods

peers A4?“” ST e s e T T
Lesson 5: Risk is mitigated whenever an analytically

[dotermrndto design is employod.

Soft Stops

One consequence of a peerreview is that it will oflen generate new requirements. We:
realizedthiat the MMVO actuator did not have a design feature specifically for
absorbing the mechanism’s energy at its end of travel. With the help of our materials
engineers, we designed custom-molded urethane stops to cushion the ballscrew at
cachend of travel. 1 he wide temperature range made thisa particularly challenging
materials problem.

Slippery Restraint
MMVO actuators employed a simple, square spline to resist the ballscrew's tendency to
rotate. We C’o’nslder’ed improving the desiqn with & sophisticated involute s’plin'e' bt

fllld| desrgn results in Iess b'lcklashwhilo permitting the same reasonable tolerances

Magic Vespel

‘1 he MMVO actuators’ u-joints employ bushings made of Dupont Vespel. While
redesigning these for thehigher anticipated loads, we investigated alternatives for the
material too. Ina Space Mechanisms Videoconference® we learned that Vespelhas the
valuable tribological property of reducing its coefficient of friction in vacuum, in
coniradistinction to niost other materials that we have kiowledge of.

New Rod t nd
1ining and lubricant changed from 1 eflonto MoS,,.




Maintenance Actuations

No procedure had been established to regularly “exercise” the MMVO actuators. After
investigating brush motors, however, we determined to proceed with caution. “Cold
welding” or vacuum welding of asperities between the brushes and commutator posed
a significant risk in a very long 12 year mission. Even though the brush/commutator
material combination was selected for maximum reliability, we still feared that a non-
conductive film may build up under the brush. ‘1 his phenomenon is illustrated by our
measurements of MMVO actuator characteristics. Whenwe fir? pulled the machines
out of moth ) :"Ils our first impulse was to “fire them up” and ﬂee how they would run.

nominally 28 volts.

10 avoid any concernover this problem we initiated a flight rule requirement that the
flight actuators wouldbe operated every 6 months, whether in ground storage or in
space.

Lesson 6:Unless time and nﬁoﬁey resources 'prroHib'it,’ don’t
plunge ahead and test hardware without a carefully thought-out
idea of what, why, where, and how you will do your test,

Final Embodiment

f orce-Speed Curve

Requnremonts companqon

e o U
Requirement Mariner Marslvlkmg Cassini t GA [)oqqn C h'mgo
Orbiter £ GA - |Code
Mission Duration ? 8years 12 years A B K
I ongest £ ngine Burn 45 minutes 3.5 hours - B, K
1 otal Operating Time 2 hours 142 tiours (somewhat AC K
ambiguous)
Rangeof Motion 0.785 40.030 inch 1.120 10.040 inch C,D,E, H, 1
Number of Full 100 1,300 c, D, E, 11,1
Stroke Actuations |
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Requirement Marinenr Mars/Viking | Cassini EGA Design Change'r
Orbiter EGA , Code
Number of Small 3,000 80,000 A, C,D,E,H, L

Actuations (up to
1/20 of total stroke)

External Magnetic
Ficlds: » &Yt

tnd of Tra

Loads ©

N [ Laterat =716 on 2 axes |.

Future Improvements

More lubricant

‘fludolph, Dale. Design and Development of t he Cassini Main E ngine Assembly Gimbal Mechanism, 30"
Aerospace Mechanisms Symposium, May 1996, Denver Flight Systems, Lockheed Martin, Denver, CO
’Paine, 1. O. and Perkins, G. S. U.S. Patent No. 3,660,704, May 2, 1972

*Morin, John P., General Guidelines for Brush Motor Spaceflight Applications, April 24, 1992, Fairchild
Space Co., Germantown, MD

Don't forget the CDR Volumes
Don't forget the motor brush memo and the motor performance nmiemo.

‘Iskenderian, Ted. Lessons Learned From Selecting and 1 esting Spaceflight Potentiometers, 28"
Aerospace Mechanisms Symposium, May 1994, California Institute of Technology, Jet F'repulsion
Laboratory, Pasadena, CA

*Siebiert, Mark. Report on polyimid roller friction in vacuum vs. air, Space Mechanisms Videoconference,
hosted by Robert Fusaro at NASA Langley Research Center, Decernber 13, 1993
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FIGURE NO. 2

Design Evolution

VIKING designconcept
shown with Cassini
length & stroke ,

WHICH IS EMBODIED USING

THE CONCEPT DESIGN, BASED ON THE
US PATENT NO. 3,660,704

NEW CONCEPT DESIGN

CASSINI implementation
. Stationary wiring
. Soft travel StOpPsS

. Minimized external
magnetic fields
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LinearVariable Differential Transdiirar

D

'LVDT re-configurad, re-oriented to eliminate flexing servica loon

—
S Mmmxcﬁm rod incorporated to minimize :oﬁBm:oammHmm:moﬁ w_c@\oo:

Interface. Eliminates wear out moda and wear debris B
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